Natural products are the most consistently successful source of drug leads. The rapid identification of known compounds from natural product extracts, or 'dereplication', is an important step in an efficiently run drug discovery program. Modern spectroscopic methods have largely revolutionized compound identification and tremendously accelerated the pace at which isolated compounds can be identified. Dereplication strategies use analytical techniques and database searching to determine the identity of an active compound at the earliest possible stage in the discovery process. This prevents wasted effort on samples with no potential for development and allows resources to be focused on the most promising lead. In the past few years, advances in technology have allowed the development of tandem analytical techniques, such as HPLC-PDA, LC-MS, LC-MS-MS, LC-NMR, and LC-NMR-MS. This review describes the principles and performance of a number of hyphenated techniques involving LC-MS that can be used for dereplication of natural products for rapid lead identification.
Of the several hundred thousand plant species around the globe, only a small proportion has been investigated both phytochemically and pharmacologically. In view of the large number of plant species potentially available for study, it is essential to have efficient systems available for the rapid chemical and biological screening of the plant extracts selected for investigation.
The development of high-throughput screening procedures for the discovery of biologically active compounds has resulted in a need to prioritize those samples that are deemed 'active'. When these samples are derived from natural product sources (plants, marine organisms, microbes), it is estimated that it takes $50 000 and 3 months of work to isolate and characterize such an active compound [1] . If the isolate is a well-known, active compound, there will be a distinct sense of 'wasted' effort.
Dereplication refers to the process of screening active extracts/compounds early in the development process to identify and eliminate those compounds that have been studied in the past, thereby decreasing the number of structures that need to be elucidated. In practice, many isolated fractions of natural product mixtures contain compounds that have been previously isolated and characterized. Even by intelligent selection of new types of organisms many compounds will still be rediscovered, as secondary metabolites are often found in more than one species and some also in several genera. This reality has forced chemists to implement strategies that will prevent repeat elucidations of compounds that have already been studied. These strategies are widely variable and rely on different resources.
Mass spectrometry (MS), with its high sensitivity and capability of providing molecular weight and additional structural information, fulfills many of the requirements of an ideal dereplication technique. With the recent developments in MS interface technology, the prospects for characterization of unknown compounds in complex mixtures by means of LC-MS have significantly improved [2] [3] [4] [5] [6] .
A variety of interfaces are used for dereplication. A profile of some important ionization methods are The introduction of LC-MS for crude plant extract analysis has represented an important step for the online identification of natural products [7] [8] [9] . In the past five years, LC-MS has become a widely used tool for the dereplication of natural products because the nominal molecular weight of a compound can be used as a search query in nearly all databases. Figure 1 shows a general protocol of a typical LC-MS dereplication system. Analysis strategies that use on-line LC/MS approaches provide an integrated format for natural product dereplication by combining traditional fraction collection, sample preparation, and multi-component analysis into a single step. In this way, crude extracts are screened without extensive purification and chemical analysis. Furthermore, less material is required due to the sensitivity of the technique and chromatographic resolution is retained. The key to natural product analysis using this approach is dependable molecular weight determination. This information is used with existing natural product databases that contain information on the bioactive compounds, the physical descriptions of the microorganisms from which they come, their spectrum of activity, the method of extraction and isolation, and physical data (molecular weight, UV absorption maxima).
Molecular weight is the most critical information for initial searches because of its link to structural specificity. This information is used to make pivotal decisions on whether or not to proceed to more timeconsuming isolation steps based on the novelty of the compound.
A standard approach for dereplication involves a comparison of retention time, full scan mass spectra (molecular weight information), and MS/MS spectra with those from known biologically active standards. Thus, previously identified components are rapidly eliminated and do not require time-consuming structure elucidation studies. The savings of effort allow researchers to focus efforts on novel chemistries. Samples of novel compounds can then be infused into an ion trap mass spectrometer, and a multiple stage mass analysis (MS n) fragmentation map is generated.
Database searches for dereplication
Dereplication strategies typically employ a combination of separation sciences, spectroscopic methods, and database searching. Several commercial databases have been developed that can assist the natural product chemist in reducing the time taken for structure elucidation of known compounds. These databases can be searched with minimal amounts of physical and /or biological data. Chemical Abstracts Service's Registry File, available on the Scientific and Technical network, STN International, is the largest online repository of natural product structures. To overcome the huge size of the Registry file (in excess of 12 million compounds) strategies have been developed to search efficiently using formula weight, carbon count, structure fragments, bioactivity, and taxonomy. Other commercially available databases for natural products dereplication are Chapman and Hall's Dictionary of Natural Products [10] , Bioactive Natural Product Database, DEREP, MARINLIT, and The Marine Natural Products Database. STN international is a collection of over 180 different databases. Those of particular interest to the natural product chemist are the CA, REGISTRY, NAPRALERT [11] , BEILSTEIN, MEDLINE and BIOSIS.
Bradshaw et al [12] have described a new approach to the use of commercial databases for the dereplication of purified natural products. Several strategies have been demonstrated for either the identification or classification of an unknown compound [13] .
Computer-Assisted Structure elucidation (CASE) of natural products offers suggestions for a compound's molecular skeleton, based on spectroscopic data and other prior knowledge with a computer program and the least possible amount of user intervention. A comprehensive review by Steinbeck [14] describes recent developments in automated structure elucidation of natural products.
Dereplicaton by LC-biochemical detection-MS
Rapid and miniaturized assessment of bioactive compounds in a complex mixture without conventional isolation has led to various concepts for the interfacing of biological and chemical analysis of complex matrices [15] . In natural product drug discovery, there are several effective methods for localization and characterization of bioactivity. Some of them are bioautography, HPLC-based activity profiling, HPLC-based on-flow bioassays, assays based on capillary electrophoresis, biosensors, and various MS and NMR-based methods [16] . Among these, HPLC-based activity profiling has been successfully applied to the isolation of several novel lead structures [17] [18] [19] .
High performance liquid chromatography (HPLC) has been the most reliable tool for the separation of complex mixtures of small molecules. Reversed phase HPLC on octadecylsilane (ODS or C18) is recognized as the most broadly used bonded phase for this purpose. When interfaced with a diode array detector (DAD), HPLC allows an analyst to identify known compounds by comparison of their HPLC retention times and UV spectra [20] .
HPLC-based activity profiling
Dereplication of the active component(s) in crude natural product extracts requires some form of feedback from the bioassay that was initially used to detect the biological activity. This is necessary regardless of the separation technique and analytical method (DAD or MS) used. A common strategy is to subject extracts to analytical gradient HPLC and collect fractions from the HPLC separation in deepdish microtiter plates or tubes and then re-submit the individual fractions to the original assay. This approach requires desiccation of fractions to remove the HPLC solvents, which are usually incompatible with the bioassay, resuspending the fractions in a compatible solvent (water or DMSO), and then individual assaying of each fraction. In spite of the above-mentioned problems, offline approaches are the standard in industrial natural products HTS (High-throughput screening, often abbreviated as HTS, is a tool in the drug discovery for rapid assessment of the activity of samples from a combinatorial library or other compound collection, often by running parallel assays in plates of 96 or more wells.) and are very efficient and versatile with the appropriate hardware. Activity profiles are matched with HPLC fingerprints and spectroscopic data. HPLC-MS on an ion trap mass spectrometer is used for rapid identification of compounds in plant extracts and follow-up fractions [21] .
Currently, almost every large pharmaceutical company has established HTS infrastructures and possesses large compound libraries, which cover a wide range of chemical diversity. However, the ability to detect the desired biological activity directly in the HPLC effluent stream and chemically characterize the bioactive compounds on-line, would eliminate much of the time and labor of fraction collection. This way, typical bottlenecks associated with natural product screening are largely overcome. Recently, such an on-line HPLC biochemical detection (BCD) system ( Figure 2 ), referred to as high-resolution screening (HRS), has been described for a range of pharmacologically relevant targets, such as the human estrogen receptor (hER), cytokines, leukotrienes and the urokinase receptor. In contrast to conventional microtiter-type bioassays, the interactions of the extracts and the biochemical reagents proceed at high speed in a closed continuous flow reaction detection system. When sufficient chromatographic separation is achieved, the individual contribution of the bioactive compounds to the total bioactivity is obtained within a single run. Moreover, by combining on-line biochemical detection with complementary chemical analysis techniques, such as mass spectrometry (HRS-MS), chemical information, which is crucial for the characterization and identification of bioactive molecules, is obtained in real time. Biochemical responses are rapidly correlated to the recorded MS and MS/MS data, thus providing chemical information, such as molecular weight and MS/MS fingerprint. Compared to traditional screening approaches of complex mixtures, which are often characterized by a repeating cycle of HPLC fractionation and biological screening, HRS-MS analysis speeds up the dereplication process dramatically.
Elswijk et al [22] have recently demonstrated that by using LC-BCD-MS they were able to rapidly profile the estrogenic activity in pomegranate peel extract. The crude mixture was separated by HPLC, after which the presence of biologically active compounds, known or unknown, was detected by means of an online β-estrogen receptor (ER) bioassay. Chemical information, such as molecular weight and MS/MS fingerprint, was obtained in real time by directing part of the HPLC effluent towards a mass spectrometer. Using this approach, three estrogenic compounds, luteolin, quercetin and kaempferol, were detected and identified by comparing the obtained molecular weights and negative ion APCI MS/MS spectra with the data of an estrogenic compound library.
Dereplication by ESI-TOF-MS
The coupling of time-of-flight mass spectrometry (TOF-MS) with electrospray ionization (ESI) has been achieved only recently. This method combines high accuracy and sensitivity due to the high frequency sampling of all ions simultaneously across the full mass range. Up until now it has been mostly routinely used for analysis of protein and peptide investigations and has only scarcely been used for the detection of low-molecular weight compounds. Potterat et al [23] have shown that HPLC-ESI-TOF-MS can be successfully applied to the identification of destruxins (cyclodepsipeptides) in a crude extract of the fungus Metarrhizium anisopliae.
When dealing with unknown substances, as is typically the case during the screening and dereplication processes, nominal mass and fragmentation information provided by quadrupole instruments often proves to be difficult to apply to database searches and is seldom sufficient for compound identification. On the other hand, the high accuracy of masses determined by HPLC-ESI-TOF-MS enables calculations of elemental composition, thus allowing direct and efficient search of large chemical databases such as Chemical Abstracts. By combining molecular formula information with additional data (UV spectral data, taxonomy of the producer), identification of a great number of compounds is possible at a very early stage of an investigation.
Dereplication by HPLC-ESI/APCI-MS
HPLC-ESI-MS represents the combination of a highresolution separation system with a powerful detection/characterization technique. The hydrophobicity-based separation mechanism of reversed-phase resolves a large variety of chemical entities, the employment of volatile buffers and aqueous/ organic mobile phases that supports the formation of ions in solution, has enabled reversedphase HPLC to be highly compatible with ESI-MS. HPLC-ESI-MS analysis for the integration of natural products with modern high throughput screening has been reviewed by Strege [24] . HPLC-ESI-MS has been successfully applied to the determination of compounds present in material from a variety of natural product sources. The preparation of natural product samples for analysis has typically consisted of the extraction of secondary metabolites from the biological material via solid-liquid or liquid-liquid extraction using an organic solvent, such as methanol, which may be either directly injected or diluted with water prior to injection.
Depending upon the complexity of the sample to be analyzed, LC-ESI-MS run times typically range between 5-90 min per injection, and therefore the technique is capable of facilitating high throughput when the instrumentation is configured with an autosampler and an automated HPLC pumping system, a critical requirement within the pharmaceutical industry.
HPLC-ESI-MS has been successfully applied to the determination of compounds from a variety of natural product sources. Some natural compounds may be expected to pose challenges for HPLC-ESI-MS analyses. For example, extremely polar molecules such as the amino sugar antibiotic nojirimycin and the beta-lactam antibiotic nocardicin C are not adequately retained on C18-based stationary phases, and required normal-phase chromatography on activated carbon for purification by hydrophilic interaction chromatography (HILIC) [25] . HILIC is a separation technique that utilizes a polar stationary phase (such as polyhydroxyethyl aspartamide) and a hydrophobic mobile phase (typically 60-100% acetonitrile), together with an aqueous gradient to separate compounds by hydrophilic interactions. HILIC therefore employs a separation mechanism opposite to that of RP-HPLC, while still providing excellent compatibility with ESI-MS.
Another problem which is somewhat rare but yet may be encountered during the HPLC-ESI-MS analysis of natural products is the absence of charged sites within neutral analytes. These molecules enter the gas phase inside the mass spectrometer inlet, and thus not detected by ESI-MS. In these cases, one may employ alternative ionization methods, such as atmospheric pressure chemical ionization (APCI), which directly induce analyte ionization in the gas phase rather than rely upon existing ionization in the liquid phase prior to vaporization [26] . For neutral, thermally unstable natural product compounds such as vitamins, selective tagging with charged reagents is a procedure which may be performed to facilitate ESI-MS detection [27] .
The ionization mechanisms of ESI and APCI differ [28] , hence the ionization characteristics for various analytes also differ. The ESI process is strongly dependent on the solution chemistry, electrophoretic migration and surface behavior of analyte ions. The presence of preformed ion species in solution is essential for the formation of gas phase ions. In contrast to ESI, APCI relies more on the gas phase chemistry, for example the gas phase acidity or basicity. The analyte is vaporized into the gas stream prior to chemical ionization through the charge transfer or proton transfer from the reagent ions. In LC-MS applications with both atmospheric pressure ionization interfaces, changes of LC mobile phase composition may influence the ion formation and response [29] .
HPLC-ESI-MS typically will provide the [M+H] + or [M-H] + ions from which the molecular weight can be directly inferred. Subsequently, the molecular weight information (together with UV-Vis absorbance data) can be searched against natural product databases. Zhou and Hamburger [30] examined a representative set of 46 secondary metabolites of plant and microbial origin with electrospray and atmospheric pressure chemical ionization MS, in both positive and negative ion mode in order to evaluate the applicability of atmospheric pressure ionization LC-MS as a tool for rapid identification and dereplication of bioactive compounds in the drug screening process. MS characteristics of different compound classes were determined on the basis of quasimolecular ion and other adduct ion responses observed with the two LC-MS interfaces.
Zhou and Hamburger [30] reported the first systematic optimization of API-MS for natural product analysis. With the APCI interface, most compounds produce [M+H]+ ions and/or [M-H]ions. Exceptions are poorly functionalized and very thermolabile compounds. In terms of sensitivity, APCI produced better responses for moderately polar to non-polar compounds than ESI. Based on these findings the following general analytical protocol applicable to a wide range of secondary metabolites (Figure 3) 3) For unknown samples, ESI-MS is the method of choice for polar extracts (for example, MeOH, EtOH, acetone), while APCI-MS should be used as first choice with moderately polar extracts (for example, CHCl 3 , EtOAc). Samples are analyzed in positive and negative ion mode using the appropriate mobile phases. Post-column addition of specific ionization reagents and MS-MS analysis may be useful in certain cases for confirmation of the molecular ions and peak purity in LC-MS runs. 4) The alternative interface is tested in case no clear molecular ions can be obtained. 5) In a final step, the information obtained from post-column addition of reagents, MS-MS and UV data are combined for natural products database searches.
Dereplication by LC-MS-MS
Tandem mass spectrometry (MS/MS) is a powerful technique for detecting a target compound in complex plant extracts. The strength of this technique lies in the selectivity, high sensitivity and fast screening capabilities compared with many other separation and identification techniques. LC/MS/MS is becoming a very important dereplication tool for the on-line identification of natural products in crude plant extracts. For an efficient use of this technique in the dereplication of natural products, a careful study of the parameters used to generate informative MS/MS spectra is needed. Molecular weight information alone, however, is not sufficient for the on-line structure determination of natural products; fragment information is necessary for partial on-line identification or for dereplication of known constituents.
In order to generate fragment ions in LC-MS, collision induced dissociation (CID) MS/MS experiments have to be performed. Low energy CID MS/MS spectra can be generated by different means:
1) collisions can be performed in the API source by adjusting ion source lens potentials without parent ion isolation to yield in-source CID spectra; 2) selected precursor ions can be specifically isolated on triple-quadrupole systems, on doublefocusing magnetic sector instruments, on hybrid quadrupole time of flight instruments or on ion trap analyzers to generate CID MS/MS or multiple stage MSn spectra.
Ranasinghe et al [31] have developed a rapid screening method using MS/MS for artemisinin and its congeners isolated from Artemisia annua. Neutral loss of MS/MS scans that are selective for different eliminations reactions were used in order to screen for groups of related analogues present in a n-hexane extract of Artemisia annua.
Wolfender et al [32] have studied CID MS/MS spectra of ubiquitous flavonoids and related plant constituents using hybrid quadrupole time of flight (Q-TOF) and ion trap (IT) mass analyzers under various CID energy conditions. The results demonstrate that, for hydroxylated flavonoids the CID MS/MS spectra generated on both instruments are similar, but for partially methoxylated derivatives, important differences are observed, hampering the creation of MS/MS databases exchangeable between instruments.
Generally, fragments issued from C-ring cleavage, corresponding to those classically reported, but they were more easily observed on a Q-TOF instrument, while losses of small molecules were favored in IT-MS.
MS/MS spectra recorded in the positive ion mode were more informative than those obtained from negative ions. For the assignment of flavonoid product ion spectra, on-line accurate mass measurement of all MS/MS fragments was obtained using the Q-TOF, while the multiple stage MSn capability of the ion trap was used to prove fragmentation pathways. The phenolic components of the root of Salvia miltiorrhizae Bunge, a well-known herbal medicine (Dan-Shen in Chinese), were investigated by Zeng et al [33] , by using highperformance liquid chromatography/electrospray ionization tandem mass spectrometry (HPLC/ESI-MS/MS).
The electrospray ionization ion trap tandem mass spectrometry (ESI-MSn) of selected antidepressant drugs (citalopram, fluoxetine, mirtazapine, paroxetine, sertraline, and venlafaxine) has been investigated by Smyth et al [34] . HPLC/ESI-MS2 successfully identified of all six antidepressants at ng/mL -1 concentrations.
Fredenhagen et al [35] summarized the parameters used for acquiring the library spectra and discussed current limitations of the NIST library and search algorithm. The advantages of the newly introduced The careful evaluation of MS/MS fragmentation patterns enabled the addition of compound-specific spectra to the library. Thus, if both the [M + H] + and the [M + Na]+ were present in the MS spectrum, the precursor ion that gave a characteristic MS/MS spectrum was selected and added to the library. The higher intensity and better selectivity of the fragment ions of some [M + Na]+ can also be utilized in quantitative analysis on an ion-trap instrument, because the background noise is reduced, if the neutral loss is compound-specific and if a single major product ion is formed.
Conclusions and future prospects
LC-hyphenated techniques are playing an increasingly important role as a strategic tool to support phytochemical investigations. Future advances of the analytical methodology will be dependent upon the development of both chromatographic separation technologies, as well as mass spectral detection capabilities. For example, separation techniques such as HILIC, which are complementary to reversed phase HPLC, may further increase the diversity of samples available for HTS. In regard to developments in mass spectrometry, recent significant improvements in instrumentation have facilitated the commercialization of time-offlight (TOF) analyzers for accurate-mass and accurate-mass tandem mass spectrometry. TOF or quadrupole-TOF (Q-TOF) detectors may be interfaced with HPLC-ESI systems to provide ppmlevel mass accuracy that can enable the determination of the empirical chemical formula of an unknown compound [36] , in essence providing a powerful tool that may be useful for the rapid identification of natural product mixture components for dereplication.
In the past decade, online-coupled liquid chromatography-nuclear magnetic resonance spectroscopy-mass spectrometry (LC-NMR-MS) has emerged as a powerful tool for the detection and identification of compounds in complex clinical, pharmaceutical and natural product samples, due to the complementary information provided by the two detectors for unambiguous structure elucidation [37] [38] [39] [40] .
Several methods for online concentration of the analytes of interest have been developed to increase NMR sensitivity, and therefore to shorten the acquisition time of some important minor constituents in a sample. Solid-phase extraction (SPE) is a powerful technique for reproducible, rapid and selective sample preparation [41] [42] . Online LC-SPE-NMR for 'peak parking' allows the use of normal prorogated solvents for the LC run and thus the need for solvent suppression is strongly reduced or even no longer necessary. Potentially, the LC-SPE-NMR coupling provides an increase in sensitivity relative to conventional LC-NMR. Extension of the technique to LC-SPE-NMR/MS could lead to the unequivocal assignment of a complex mixture. LC-SPE-NMR has recently been used to characterize a paracetamol metabolite present in human urine [43] , and to identify antioxidants in a commercial rosemary extract [44] and extracts of Rhaponticum carthamoides [45] .
Apart from sample manipulation prior to NMR analysis, technical advances have also been made to increase NMR sensitivity. The most significant advance in NMR probe is the CryoProbe wherein the NMR rf coil and preamplifier electronic components are cooled to cryogenic temperatures, while the sample remains at ambient temperature, thereby greatly reducing electronic noise. CryoProbes enable a three-to four-fold enhancement of the sensitivity in high resolution NMR compared to conventional probes.
Cryogenic technology in combination with LC-SPE-NMR/MS, allowed, for the first direct observation of the 13 C spectrum of a natural product with an LC-NMR probe [46] . The necessary gain in sensitivity resulted from the combined use of the cryogenic flow-cell probe, the on-line SPE unit and the multiple-trapping process.
Apart from the cryogenic probes, one of the most promising developments in NMR probe which guarantees improved mass sensitivity is the introduction of miniaturized solenoidal microcoils [47] . These, with an active detection volume of 1.5 µL, allow detection limits in the low-nanogram range for low-molecular weight metabolites. The small detection volume is well suited for the eluting peak volumes of capillary separations (approximately 2 µL). Therefore, a microprobe with a solenoidal rf coil is preferentially used in miniaturized hyphenated systems, for example capillary high-performance liquid chromatography NMR (cap LC-NMR) [48] . To take full advantage of capillary techniques and microcoils, however, the target analyte must be soluble at high concentrations, and stationary phases with high loading capacities are desirable. Therefore, sample preparation and chromatographic techniques may be the most challenging parts in the analysis.
Recent developments in separation techniques and coupling MS with capillary electrophoresis (CEC)-MS, LC-MALDI-MS improves the use of MS for metabolite analysis. Electro-separation techniques show higher efficiency and resolution than liquid chromatography. The wide variety of stationary phases available for CEC (monolithic capillaries) makes this technique convenient for neutral, acidic, and basic compounds and, therefore, for a wide range of metabolites. The use of a nano-electrospray ionization interface for the coupling of such miniaturized separation techniques to a mass spectrometer, affords enhanced mass and concentration sensitivity over other ESI interfaces. The coupling of LC-MALDI is more delicate, because MALDI, based on desorption of molecules from a solid surface layer, which is not easily compatible with LC or CE. A simple alternative to circumvent this limitation is the automatic deposition of fractions from a chromatographic separation on a MALDI-TOF target.
The procedures described in this review demonstrate the advantage of technologies that provide both biological and relevant chemical data in parallel during a single analytical run. Not only is there a significant reduction in resources required, but also in time required for compound identification.
